A series of macrocyclic CNC pincer pro-ligands based on bis(imidazolium)lutidine salts with octa-, decaand dodecamethylene spacers have been prepared and their coordination chemistry investigated. Using a Ag 2 O based transmetallation strategy, cationic palladium(II) chloride complexes 
Introduction
N-heterocyclic carbenes (NHCs) have quickly emerged as a powerful class of carbon-based ligand in organometallic chemistry and catalysis.
1 With generally stronger σ-donating characteristics and orthogonal steric profiles to widely used phosphine ligands, NHCs are rapidly being established as ligands of choice for many transition metal catalysed reactions. Aided by simple and efficient synthetic protocols, intricate polydentate ligand topologies can be readily constructed based on NHC donors. 2, 3 Building on the flourishing chemistry of phosphine-based pincer complexes, 4 analogous NHCbased tridentate architectures have received considerable attention in particular. 2, 5 Archetypical NHC pincer ligands are derived from bis(imidazol-2-ylidene)-benzene, pyridine, xylene or lutidine frameworks ( Fig. 1 ) and the coordination chemistry of these CNC and CCC pincer ligands has been explored for a variety of late transition metals. 2, 5, 6 Notably, palladium CNC based complexes have been thoroughly investigated, following seminal work by Crabtree and Piers who demonstrated the application of these species in cross coupling reactions.
7-14
The substitution geometries of NHC pincers are well suited to the construction of macrocycles. Principally based on lutidine and xylene backbones, tridentate macrocycles find notable application in supramolecular chemistry; exploiting chemistry of the coordinated metal centre for molecular recognition 15 and the construction of interlocked catenane and rotaxane systems. 16 The vast majority of known CNC and CCC For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/c3dt52578c based pincer complexes feature ligands bearing simple alkyl (i.e. Me, n Bu, t Bu, Ad) and aryl (e.g. Mes, Dipp) groups. Despite facile synthetic procedures to macrocyclic imidazolium proligands, 17 there are very few examples of tridentate NHC-based macrocyclic complexes. Macrocyclic complexes that have been reported are limited to small (e.g. A, 15 membered, Fig. 2 ) 18, 19 or very large ring sizes (B and C; 28-38 membered) . 20, 21 Of these systems, tridentate coordination of the macrocycle was observed within B and C, although not in A; the smaller 15 membered ring adopting a bidentate cyclophane geometry 2, 22 with no pyridine coordination as a consequence of the short butamethylene spacer. Although showing significantly lower catalytic activity than related non-macrocyclic variants, 7, 10, 13, 14 both xylene and lutidine based B, promote C-C bond coupling reactions. 20 Motivated by the possibility for exploiting their unique steric profile in organometallic chemistry and potential applications as building blocks in interlocking architectures, in this communication we present the synthesis of a range of medium sized (19-23 membered) macrocyclic pro-ligands consisting of bis(imidazolium)lutidine salts with octa-, deca-and dodecamethylene spacers. The coordination chemistry of the corresponding CNC pincer ligands with palladium is detailed, particularly focusing on the effect of the aliphatic chain and ancillary ligands on the structure and dynamics of the resulting macrocyclic complexes, as probed by variable temperature NMR spectroscopy and X-ray diffraction.
Results and discussion
The target macrocyclic pro-ligands [CNC-(CH 2 ) n ]·2(HBr) (n = 8, 2a; 10, 2b; 12, 2c) were prepared as bromide salts using a straightforward two-step synthesis, involving alkylation of 2,6-bis(bromomethyl)pyridine with bis(imidazole)alkanes 1 in dioxane (Scheme 1). All three intermediate bis-imidazoles (n = 8, 10, 12) were readily prepared following minor adaptions to literature procedures employing commercially available alkyl dibromides. 23 The overall synthetic route readily afforded gram scale quantities of 2 in high purity following recrystallisation from acetonitrile-diethyl ether (19-32% overall yields 
]
− anion appears to plays an import role in solubilising these species throughout the procedure. The palladium complexes 3 were fully characterised by NMR spectroscopy, ESI-MS and elemental analysis. Coordination of the ligand was confirmed through the presence of strong parent ion peaks with the expected isotope distributions in mass spectra [3a, 490.0993 (calc. 490 Crystal structures of all three palladium macrocycles were obtained, revealing significant structural differences between the complexes (Fig. 3 and Table 1 ). Tridentate coordination of the macrocyclic ligand is observed for each complex, with the pincer moiety adopting a characteristic twisted pseudo C 2 conformation, where the pyridine (ca. 40°) and imidazolylidene rings are angled out of the coordination plane as a consequence of the methylene bridges. [8] [9] [10] 13 Associated Pd1-N1 (ca. 2.1 Å), Pd1-C (ca. 2.0 Å) and Pd1-Cl1 (ca. 2.3 Å) distances closely match those found in other related palladium CNC pincer complexes, as exemplified by comparison to D (Table 1) . 13 The principle differences between the structures are manifested in the conformation of the alkyl spacer, which is skewed to one side of the Pd-Cl bond for the shorter spacers (n = 8 and 10) as a consequence of the steric interactions between the spacer and the chloride ligand. This interaction distinctly leads to distortions of the metal coordination geometry which are most pronounced for 3a, with C7-Pd1-C11 and especially N1-Pd1-Cl1 angles deviating dramatically from 180°[ 168.82 (7) and 163.39(4)°]. With the largest dodecamethylene spacer, 3c adopts an overall pseudo C 2 geometry, with the coordinated chloride ligand fully enclosed within the macrocycle cavity; the C7-Pd1-C11 and N1-Pd1-Cl1 angles are essentially linear [172.8 (6) Bu, Mes and Dipp substituents retain N-Pd-Cl bond angles of effectively 180°. [8] [9] [10] Distortion from linearity is uncommon within known palladium(II) square planar complexes (following inspection of CSD metrics), although complexes with angles down to 150°are known. 24 To investigate the apparent inconsistency between the solution (C 2 symmetry) and solid-state (C 1 symmetry) structures of 3a and 3b, we turned to variable temperature NMR measurements. The fluxional behaviour of CNC based pincer complexes [PdX{CNC-Me}] + D-F (Scheme 2) has previously been investigated in detail by Crabtree and co-workers. 
Dalton Transactions Paper
This journal is © The Royal Society of Chemistry 2014 12 In agreement with the solid-state structure, 3c retains C 2 symmetry from 200-298 K in CD 2 Cl 2 solution (500 MHz), further confirming the good fit of the coordinated chloride ligand within the cavity of the macrocyclic ligand. For complexes 3a and 3b, variable temperature NMR experiments demonstrate ring flipping of the macrocycle across the palladium chloride bond. This fluxional process mediates an atropisomerisation between skewed C 1 symmetric confirmations observed in the solid-state (Fig. 3) and leads to the time averaged C 2 symmetry in solution at room temperature. For 3a, the slow exchange limit for this process is reached at 200 K in CD 2 Cl 2 (500 MHz), with the 1 H NMR spectrum showing three pyridine and four imidazolylidene resonances together with pairs of diastereotopic methylene bridge ( pyCH 2 ) and N-CH 2 signals (Fig. 4) . Simulation 27 of the 1 H NMR data over the temperature range 185 to 298 K allowed rate data to be extracted for the exchange process, leading to values of
45 ± 9 kJ mol −1 following an Eyring analysis (see ESI †). In line with the longer alkyl spacer, the fluxional process in 3b is much faster than 3a: the exchange could not be completely frozen out, even upon cooling to 185 K, although the barrier for this process can be approximated at ΔG ‡ = 37 kJ mol
from signal coalescence at low temperature. 28 To further investigate the dynamics of the macrocyclic ligands, metathesis of the chloride ligand with the smaller fluoride ligand was targeted. This was achieved by reactions of 3 with excess AgF in acetonitrile to afford the palladium(II) fluoride complexes [PdF{CNC-(CH 2 ) n }][BAr F 4 ] (n = 8, 4a; 10, 4b; 12, 4c) with good to moderate isolated yields of 45-88% Fig. 3 Solid-state structures of 3a, 3b and 3c viewed perpendicular (top) and along (bottom) Pd1-N1 bond vectors. Thermal ellipsoids drawn at 50%; minor disordered component (alkyl spacer) in 3b, anions and solvent molecules omitted for clarity. Selected structural metrics are listed in Table 1 . (based on Δν = 600 Hz from 3a). The solid-state structure of 4b shows a more symmetric structure than 3b (Fig. 5) solid-state structure of 4b [C⋯F = 2.968(3), 3.146(3) Å], are fully consistent with other C-H⋯F interactions reported in the literature.
32
In solution, 4a is highly fluxional. At 298 K in CD 2 Cl 2 (500 MHz), C 2v symmetry is observed indicating an atropisomerisation mechanism involving dynamics of both the pincer and octamethylene spacer. Upon cooling the sample to 225 K onset of decoalescence of the methylene bridge and N-CH 2 protons was observed, while those of the imidazolylidene remained relatively sharp. Further cooling to 185 K led to broadening of the later signals, although the slow exchange limit was not reached ( precluding accurate simulation). These observations support a dual fluxional process involving low energy flipping of the octenyl linker (ΔG 
Summary
A series of macrocyclic CNC pincer pro-ligands have been prepared incorporating simple alkyl spacers, resulting in 19, 21 and 23 membered ring systems (2) . The coordination chemistry of these pro-ligands has been explored, and a series of cationic palladium(II) chloride (3) and fluoride (4) complexes have been synthesised and fully characterised in solution and the solid-state. The larger macrocyclic complexes, containing dodecamethylene spacers, exhibit static C 2 symmetric structures with the coordinated halogen ligands lying within the macrocyclic cavity. As the ring size is reduced, increasing dynamic behaviour is observed in solution, with the spacer undergoing ring flipping across the palladium halogen bond, and is most pronounced with the larger chloride ancillary ligand ( Table 2 ). The atropisomerisation of the smaller macrocyclic complexes is also manifested in their solid-state structures, with significant distortions from the expected square planar geometries and skewing of the alkyl spacers to one side of the palladium-halogen bonds observed. Preparation of pro-ligands (2) General procedure. To refluxing 1,4-dioxane (150 mL), equimolar solutions of 2,6-bis(bromomethyl)pyridine and bis-imidazole 1 in THF (ca. 0.075 M, dried over 3 Å molecular sieves) were simultaneously added dropwise over 30 minutes. The resulting reaction mixture was refluxed for 16 hours, cooled to approx. 50°C and the solvent removed in vacuo. The resulting off-white residue was extracted with MeCN (ca. 200 mL) with vigorous stirring. The MeCN solution was filtered, concentrated and excess Et 2 O added to precipitate the product. The product was isolated by filtration and washed with excess Et 2 O. 2a: following the general procedure using 2,6-bis(bromomethyl)pyridine (0.79 g, 2.98 mmol) and 1a (0.73 g, 2.98 mmol), the product was obtained as an off-white foam. Yield: 0.47 g (31% 139.6, 138.5, 124.4, 123.8, 121.9, 54, 50.5, 29.6, 27.9, 27. 8, 139.4, 138.4, 124.3, 123.9, 122.0, 53.9, 50.2, 30.0, 28.1 (2C) , 52.92; H, 6.57; N, 12.34. Found: C, 52.82; H, 6.53; N, 12.17 . (1 equiv.) in CH 2 Cl 2 (ca. 3 mL) was added and the suspension stirred for a further 5 hours. The solution was filtered and the filtrate reduced to dryness in vacuo to afford the crude product. Purification was achieved by passing through a silica pad using CH 2 Cl 2 eluent.
3a: following the general procedure using 2a (0.060 g, 0.117 mmol) and subsequent recrystallisation from CHCl 3 -pentane, the product was obtained as pale-yellow crystalline solid. Yield: 0.049 g (31% 2.90; N, 5.17. Found: C, 46.92; H, 2.87; N, 5.15. 3b : following the general procedure using 2b (0.064 g, 0.110 mmol) and subsequent recrystallization from CHCl 3 -pentane, the product was obtained as pale-yellow hexagonal platelets. Yield: 0.094 g (55%). (4) General procedure. To a solution of AgF in MeCN (3 mL) was added a solution of 3 in MeCN (2 mL). The resulting suspension was stirred in the dark at room temperature for 1-3 hours. The solvent was removed in vacuo and the product extracted with CHCl 3 through celite (Pasteur pipette, 3 cm).
4a: following the general procedure using AgF (0.023 g, 0.181 mmol) and 3a (0.050 g, 0.037 mmol) -stirred for 1 hour, the product was obtained as an off-white solid. Yield: 0.030 g (61% 4b: following the general procedure using AgF (0.019 g, 0.150 mmol) and 3b (0.056 g, 0.041 mmol) -stirred for 3 hours, the product was obtained as a white solid (0.049 g, 88% 35; H, 3.17; N, 5.13. Found: C, 48.45; H, 3.11; N, 5.17. 4c : following the general procedure using AgF (0.022 g, 0.173 mmol) and 3c (0.050 g, 0.035 mmol) -stirred for 1 hour, the product was obtained as an oil that was washed with pentane and dried to give a white foam (0.022 g, 45%). 150 (2) 150 (2) 150 (2) 150 (2) 150 (2) 150 (2) 
Variable temperature NMR experiments
All measurements were performed using a DRX-500 spectrometer. Samples (0.014 M in CD 2 Cl 2 ) were prepared in J. Youngs NMR tubes under inert atmosphere and equilibrated at each temperature inside the spectrometer for 10 minutes prior to data acquisition. Spectra and selected data are compiled in the ESI. †
Crystallography
Crystallographic data for 2b, 3 and 4 are summarised in Table 3 . Full details about the collection, solution and refinement are documented in the CIF, which have been deposited with the Cambridge Crystallographic Data Centre under CCDC 961289-961294.
